The effect of Al doping on the nature of ultraviolet (UV) near band edge emission and broadband "green" visible emission from deep defects in ZnO nanowires is explored by temperature-and excitation intensity-dependent photoluminescence (PL) spectroscopy. Unlike comparably fabricated undoped ZnO nanowires, whose PL spectra is dominated by green emission from oxygen vacancies and whose UV emission broadens and redshifts with increasing excitation intensity, Al-doped ZnO nanowires grown by chemical vapor deposition are smaller and have PL spectra dominated by UV emission that neither broadens nor redshifts significantly with increasing excitation intensity. The excitation intensity-dependent manner in which Al doping enhances UV emission at the expense of green emission indicates that the doping process creates many new donor sites that prevent excitons localized there from activating these green emitting defects.
Introduction
Research into one-dimensional (1D) semiconductor nanowires and nanorods has received increasing attention over recent years in hopes of demonstrating practical room temperature optoelectronic nanodevices [1, 2] . Of the materials considered for such devices, the II-VI semiconductor ZnO has been a particularly promising candidate for devices operating in the ultraviolet (UV) spectral range because of its wide band gap (E g = 3.37 eV at 300 K) and large exciton binding energy (60 meV) [3] . By alloying with MgO (E g = 7.8 eV) or CdO (E g = 2.3 eV), the band gap of ZnO may be tuned to cover a wide spectral range from the deep UV to the blue/green portion of the visible spectrum [4] [5] [6] . When doped with aluminium to increase its n-type conductivity, Al-doped ZnO (Al:ZnO) has become an attractive alternate transparent conducting oxide to indium tin oxide (ITO) with its high electrical conductivity, high optical transmittance, and lower fabrication cost [7] .
Photoluminescence (PL) spectroscopy, a non-destructive technique in which samples are optically excited and spectrally analyzed without any electrical contact, has been widely used to characterize different forms of ZnO [2] [3] [4] [5] [6] [7] [8] [9] . PL spectra of ZnO nanostructures typically contain two emission bands: (i) UV emission dominated by recombination of free and bound excitons and their longitudinal optical (LO) phonon replicas [10] , and (ii) defect-related visible (green) emission caused principally by oxygen vacancies (V O 's) created during high temperature processing or vacuum annealing [11, 12] . Emission from ZnO nanostructures is often dominated by this green band, primarily because high temperature processing and their large surface-to-volume ratio facilitate the creation of V O 's [2, 9, 13] , and donor bound excitons (DBXs) facilitate the transfer of excitation energy to those green emitting sites [14] . Since bound excitons in ZnO have a small binding energy (10-20 meV) and generally survive only at low temperatures, UV emission predominantly occurs from bound excitons at low temperatures and from LO phonon replicas of free excitons at room temperature [3, 10] .
Aluminum doping can profoundly affect the optical properties of ZnO. After more than a decade of research on Al:ZnO nanowires/nanotubes synthesized by thermal chemical vapor deposition [15] , on Al:ZnO nanofibers [16] and nanorods [17, 18] , and on Al:ZnO thin films [19] , the general consensus has been that UV emission increases and green emission decreases as Al doping increases. For example, the ratio of UV-to-green emission intensity increases from 0.542 for pure ZnO to 1.101 for Al:ZnO with 0.64 at.% of Al [20] . The behavior is even more pronounced in Al:ZnO polycrystalline powder than in pristine ZnO [21] . For a given concentration of Al dopants in ZnO nanowires, the UV-to-green emission intensity ratio has been shown to depend on annealing temperature, increasing with annealing temperature up to a maximum near 750°C, then decreasing for even higher annealing temperatures [22] .
Since green emission is generally associated with V O 's in all ZnO morphologies, these studies generally attributed the decrease in green emission with Al doping to a reduction in the number of V O 's [15] [16] [17] [18] [19] [20] [21] [22] . In order to explain this behavior, ostensibly caused by how strongly Al binds oxygen, the following doping mechanism was proposed [23] . When Al 3+ ions substitute for Zn 2+ , an effective positive charge is created at the site (Al Zn • in Kröger-Vink notation) that must be counterbalanced either by the creation of electrons (effective negative charges) [7, 24, 25] ,
or by the annihilation of oxygen vacancies (effective positive charges),
as previously inferred through the reported decrease in green emission [15] [16] [17] [18] [19] [20] [21] [22] . However, several recent reports claim contrary behavior in Al:ZnO. Thomas et al. [26] have reported that substitutional Al doping actually enhanced green emission intensity, which they attributed to the larger charge density of Al and the creation of additional V O 's. Geng et al. [27] have reported that ZnO films became oxygen deficient and UV emission decreased as Al doping increased, implying the film crystallinity degenerated with Al doping. While studying the role of extrinsic and intrinsic defects in Al:ZnO incorporated during fabrication, Rotella et al. [28] reported that both zinc and oxygen vacancies were responsible for the green emission, the former created during the doping process in the as-deposited Al:ZnO sample, and the latter created by annealing in vacuum. Indeed, whether Al doping reduces V O 's or not [15] [16] [17] [18] [19] [20] [21] [22] [26] [27] [28] , a complete understanding requires consideration of the energy transfer mechanism that excites green emission. Recent investigations of vacuum annealed and doped ZnO powders [14, [29] [30] [31] ] reveal a strong relationship between green emission and the I 3a and I 9 DBXs. Like other reports, our previous work on Al:ZnO nanowires (NWs) indicated that UV emission increased and green emission decreased with increasing Al concentration [9] , raising the question whether Al doping decreased the number of V O 's or interrupted the creation of I 3a and I 9 DBXs and the transfer of their energy to the V O 's. The latter may be revealed if the UV or green emissions are strongly influenced by sample temperature or excitation intensity (I exc ).
To resolve this question, we report the use of temperature-and excitation intensity-dependent PL spectroscopy to explore how Al doping in ZnO nanowires increases UV emission from bound excitons and decreases green emission associated with V O 's [ Fig. 1(a) ]. Low temperature (12 K) PL spectra reveal two types of DBXs responsible for UV emission, those associated with oxygen-deficient ZnO nanowires and those associated with Al dopants. The UV and green emission intensities (I uv and I g , respectively) for both undoped and Al:ZnO nanowires increase identically with increasing I exc . Although this correlation was expected for the undoped nanowires [8, 14, 29, 30] , the correlation of UV and green emission is unexpected for the Al:ZnO nanowires since their UV emission is found to be dominated by I 6 DBXs associated with Al dopants, not with the I 3a and I 9 DBXs associated with the V O 's. Moreover, at room temperature (RT) the rate at which I uv and I g grow with increasing I exc is similar for undoped and Al-doped samples, but the green emission is almost 100x stronger in the undoped sample. A quantitative analysis of these dependences based on a parametric model reveals that Al doping has little effect on the densities of sites associated with both green emission and nonradiative decay, but spectra indicate a larger number of new sites for DBXs associated with UV emission, presumably created by Al doping. The correlation in emission intensities is not causal and simply reflects two independent relaxation pathways for photo-generated excitons, for which the UV emission pathway is increasingly favored with increasing Al doping.
Experimental methods
The nanowires were grown by chemical vapor deposition in a quartz tube furnace following the carbothermal reduction of ZnO powder at a pressure of 100 Torr at 900°C for 30 min, under a 29 sccm flow of argon gas and a 1 sccm flow of a 20% oxygen mixture in a balance of argon. The ZnO precursor powder source was mixed with graphite to achieve a 1:2 M ratio, to which various amounts of Al powder were added for the growth of Al:ZnO nanowires. ZnO seeded c-plane sapphire substrates were loaded into the furnace for the growth of the nanowires.
The nanowires were structurally characterized by x-ray diffraction (XRD), transmission electron microscopy (TEM), PL, and Raman spectroscopy. Energy-dispersive x-ray spectroscopy (EDS) in the scanning TEM mode was used to measure the atomic percentages of Al dopants in the nanowire samples. PL measurements were carried out using a continuous wave He-Cd laser excitation source operating at 3.81 eV (325 nm) both at RT and at 12 K using a He closed cycle cryostat. Details of the PL experiment are reported elsewhere [14] . Quantum efficiency (QE) measurements were performed at room temperature under similar excitation conditions with a 10 cm diameter integrating sphere following a method reported elsewhere [32] .
As inferred from SEM imaging shown in Fig. 1 (b)-d, well-aligned undoped ZnO (L u ) and Al: ZnO nanowires (L 1.2 and L 1.8 ) with a respective Al content of 0, 1.2, and 1.8 atomic % exhibit an average diameter of 87-41 nm and length of 13.8-3.0 μm that respectively decrease with increasing Al content. XRD spectra shown in Fig. 2 (a) establish that all nanowires are highly oriented along the c-axis at 2θ ≈ 34.475°, close to the 34.42°position of the (002) diffraction peak for bulk ZnO [33] . This indicates that Al doping up to 1.8 at.% does not strain the Al:ZnO nanowires, so there is no strain-induced band gap shift [34] . The subsidiary peaks in Fig. 2 (a) are about three orders of magnitude smaller and relatively insensitive to Al concentration, indicating that Al doping does not significantly deteriorate structural quality. Likewise, lattice-resolved HRTEM micrographs and the corresponding diffraction patterns of individual nanowires ( Fig. 2(b) ) confirm that good crystallinity is maintained with Al doping up to 1.8 at.%. The measured interplanar lattice spacing (d) of the ZnO nanowirescorresponding to the (002) fringes perpendicular to the c-axis -is close to that of wurtzitic bulk ZnO (d = 2.603 Å), corroborating the good crystallinity and low strain seen in the XRD. Previously reported Raman spectra of these L x nanowire samples show a dominant peak at 438 cm −1 which corresponds to the E 2 (high) mode [35] . No shift or broadening of Raman peaks is observed with increasing Al concentration up to 1.8 at. %. For Al: ZnO with Al concentration more than 2 at. %, Lo et al. have reported the appearance of a Raman peak at 651 cm −1 which has been attributed to the B 1 silent mode of ZnO and is activated by doping-induced disorder [36] . Therefore, we kept the Al concentration below 2 at. % in order to avoid doping-induced disorder in the investigated L x nanowire samples. Raman spectra of our investigated Al: ZnO nanowires do not show the peak at 651 cm −1 up to 1.8 at. %, again confirming negligible distortion of the crystal structure due to Al doping. Peak 0 appears as a shoulder near 3.376 eV (Fig. 3) and has been attributed to the free-exciton (FX) recombination in bulk ZnO and Al:ZnO nanorods [37, 38] . The peaks 1 and 2 are respectively the I 3a (3.364 eV) and I 9 (3.356 eV) DBXs in ZnO previously associated with green defect emission as well [14, 38] . The deduced respective exciton localization energies of E XL,3a = 12 meV and E XL,9 = 20 meV agree to within experimental uncertainty those previously measured by Meyer et al., who also indicated a donor binding energy of E DB,9 = 51.55 meV for I 9 [38] . Peak 3 at 3.222 eV lies in the spectral emission region of the donoracceptor-pair (DAP) transitions [38, 39] . Since the peaks 4 (3.306 eV) and 6 (3.233 eV) are separated from the FX energy (3.376eV) by an integral multiple of the LO phonon energy (71-73 meV), these are assigned as its 1st and 2nd LO phonon replicas [38, 39] . Likewise, peaks 5, 7, 8, and 9 (9 not shown) are the 1st, 2nd, 3rd, and 4th phonon replicas of the dominant I 9 DBX (peak 2). By contrast, Fig. 3 shows that the dominant peak in the Al:ZnO nanowires L 1.2 and L 1.8 is not from the I 3a and I 9 DBXs but occurs between them at 3.359 eV (peak a). Although peak a could be assigned to any of the DBXs I 5 , I 6 , I 6a , I 7 , I 8 , and I 8a within the ± 2 meV experimental uncertainty [38] , the fact that this DBX is only seen with Al doping strongly suggests it is the neutral Al D 0 X I 6 at 3.360 eV (E XL,6 = 15 meV, E DB,6 = 52 meV) [38, 40] which Kumar et al. have recently confirmed in Al doped ZnO nanowires [41] . As further confirmation of this assignment, the phonon replicas of this D 0 X are observed as peaks a 1 -a 4 (a 4 not shown), while the free exciton phonon replicas seen in L u are weak in L 1.2 and completely absent in L 1.8 . Interestingly, the I 3a and I 9 DBX features (peaks 1 and 2) dominant in L u are absent in L 1.2 and L 1.8 , and if any I 9 phonon replicas are present, 
Results

Spectroscopy
Analysis
To understand the connection between the UV DBX and green defect emission mechanisms, consider the I exc -dependent PL spectra of L u , L 1.2 , and L 1.8 recorded both at RT and 12 K, as shown in Fig. 4 . Each PL spectrum contains both UV and green emission bands whose absolute strengths grow with increasing I exc and whose relative strengths depend on I exc , temperature, and the aluminium content of the nanowires. The broad green emission in ZnO is known to be mediated by energy transfer to the emitting defect states from band edge states, specifically from I 3a and I 9 DBXs [8, 14, 29, 30] . Prior optical studies [8, 9, 14, 29, 30] have identified three primary channels for the dissociation and relaxation of photogenerated excitons: (i) UV radiative recombination of free and bound excitons, with rate constant k uv , (ii) energy transfer from excitons to green emitting defects, with rate constant k g and number density N g , and (iii) nonradiative recombination, primarily through near-surface traps, with rate constant k nr and number density N nr . Note that these number densities actually represent the number of excitons that can be localized at the sites responsible for the associated behavior at the temperature of the measurement, not the actual number of sites. Thus these number densities will increase with decreasing temperature and asymptotically approach the actual number of sites in a manner that depends on the localization energy at the associated sites. The total decay rate measured by time resolved PL techniques is k tot = k uv + k g + k nr , and the RT quantum efficiencies in these samples are given by Ref. [30] : 
where carrier density N x = (1-R)αI exc /hνk tot for nanowire reflectivity R (≈0.11 for a ZnO refractive index of 2.0), absorption coefficient α (≈2.5 × 10 5 cm −1 at 325 nm) [42, 43] , and photon energy hν. The term f r is the emission wavelength-dependent fraction of UV photons that leave the nanowires, escaping reabsorption and total internal reflection, typically < 0.1 for planar ZnO surfaces but approaching 1 for the smallest diameter nanowires [29] . The η uv 's are very low over the excitation range, too low to measure for L u and only η 1.2 = 2.2-7.0 × 10 −4 for L 1.2 and η 1.8 = 2.3-7.6 × 10 −4 for L 1.8 , indicating that k nr » k uv , k g . UV emission intensity I uv increases and green emission intensity I g decreases with increasing Al concentration, indicating a concomitant acceleration of the UV radiative rate. Given that I i = η i I exc (i = uv, g), the dependence of I uv and I g on I exc at RT may be quantitatively analyzed using (3) and (4) to obtain rate constants and number densities. For example, at a given excitation intensity I exc , the ratio I uv /I g = η uv /η g = f r k uv (N g + N x )/(N g k g ) ≈ f r k uv /k g at low excitation intensity (i.e. N x « N i ). Consequently, the ratio of I uv /I g is determined by the ratio of the salient rates. Likewise, at low I exc the green and UV quantum efficiencies are determined by k g /k nr and f r k uv / k nr , respectively, which may be measured as the slope of the respective integrated emission intensity I i plotted as a function of I exc . Conversely, deviations from linear growth in I i as a function of I exc arise when N x is comparable in size to N g or N nr , so the nonlinear dependence of I i on I exc provides a means to estimate N i . Finally, high I exc , for which N x > N g , N nr , produces the asymptotic behaviors η g ⟶ 0 and η uv ⟶ f r .
As noted above, RT PL [Figs. 1(a) and 4] reveals that the green emission band dominates the L u spectra, while the UV band of L 1.2 and L 1.8 dwarfs the green emission. Stated another way, as Al content increases, I g decreases and I uv increases for a given I exc . Consistent with a recent report [9] , these behaviors indicate that Al doping decreases k g , 
Discussion
By respectively fitting Gaussian line shapes and integrating over their entire RT emission bands (Fig. 4) , the rate at which I uv and I g increase with increasing I exc may be plotted for all samples [ Fig. 5(a) and (b),(c)]. Notice that I uv grows much faster with I exc than does I g for all three samples. Indeed, the growth rates for I g are similar in all three samples, indicating that green emission follows the same basic emission and relaxation mechanism in all three cases. A similar observation applies to I uv , although the Al-doped nanowire samples have a subtly different nonlinear behavior than L u . The principal difference between the samples is the size of I uv and I g at low I exc : I g > I uv for all three samples, so k g > f r k uv . Inspection of Fig. 5 clearly reveals I g /I uv is much larger for L u than for L 1.2 or L 1.8 , reflecting the greater propensity for relaxation through the green emission channel in L u .
For low I exc , I g /I exc = η g ≈ k g /k nr and I uv /I exc = η uv ≈ f r k uv /k nr . Since the rate of increase in I uv is faster than I g but k g > f r k uv , we must conclude from the discussion above that N x is comparable to or larger than N g over this range of I exc . Indeed, I uv /I g grows linearly with I exc with a slope of f r k uv (1-R)α/(hνk tot N g k g ). Physically, this means the green emission channel is more constrained than the UV emission channel, an observation consistent with the filling of deep level traps that begins to saturate the energy transfer process as I exc increases. It is already known that the rate at which the green emitting defect states are filled (k g ) is much faster than the radiative decay rate of green emission (non-exponential lifetime of ∼200 ns) [8, 30] . Equations (3) and (4) indicate that trap saturation begins as N x becomes comparable to N g . So, how does Al doping affect N g ? To find out, we use the measured values of η g and η uv , the plots in Figs. 4 and 5, and equations (3) and (4) to obtain quantitative estimates of the rate constants and defect number densities. Note that equations (3) and (4) do not consider the number density of I 6 DBX sites associated with Al-dopants, and the addition of a term to account for this produced no unambiguous improvement in the fitting. Because I g and I uv were not measured relative to an illumination standard, absolute rate constants could not be obtained, so only the ratios of these rate constants could be obtained. Likewise, the estimate of N x from I exc includes a characteristic time scale (1/k tot ) that is determined by the fastest relaxation pathway (k tot ≈ k nr ). Since k nr was not measured here but is known to be between 1/100-1/1000 ps [29, 30] , we conservatively assumed that k nr = 1/100 ps for the purposes of these calculations. The absolute values for defect densities scale linearly with 1/k tot , and since k tot is not known, the defect densities reported here are normalized by N x max , the maximum photoexcited carrier density calculated for the maximum I exc . Finally, f r could only be estimated numerically and depends sensitively on the geometry of the nanowire, whose diameter decreases with increasing Al doping, so rather than using an estimate of f r the product f r k uv is always presented.
The results of the analysis using equations (3) and (4) overlay the data in Fig. 5(a), (b) , (c), and the parameters deduced from this analysis are summarized in Table 1 . Adjustment of most parameters by as little as 10% significantly degraded the quality of the fit of I i as a function of I exc , except that the ratio f r k uv /k nr only affected the predicted η uv , so the fitted values for this ratio were chosen to reproduce the range of measured η uv values indicated above. Analysis of these parameters indicates that f r k uv slowly increases relative to k nr with increasing Al concentration, a consequence of the increasing η uv . Even more dramatic is the rapid increase in f r k uv relative to k g for L 1.2 and L 1.8 as Al donor sites are increasingly added. The ratio, determined by I uv /I g at the 
Table 1
Estimated ratios of defect number densities and rate constants for the nanowires samples using Equations (3) and (4) lowest I exc , changes by a factor of 82 from L u to L 1.2 but only by a factor of 1.6 from L 1.2 to L 1.8 . Given the reduced green emission seen in the Aldoped samples as compared to L u , both of these are expected behaviors. A hypothesis consistent with this analysis is that I 6 DBXs bound at Al donor sites are generating additional UV emission by scavenging excitons that might otherwise localize at I 3a or I 9 and then produce green emission. These additional I 6 DBX sites enhance the UV radiative decay channel significantly, explaining why I uv » I g for L 1.2 and L 1.8 at all but the lowest I exc . Interestingly, perhaps surprisingly, the analysis indicates that both N g and N nr are relatively unaffected by Al content, with N nr only a factor of 3-5 times larger than N g (Table 1 ). Evidently, the nonradiative traps also experience saturation at the pump intensities used in this experiment, as is evident from the nonlinear dependence of I uv on I exc (Fig. 5) . The Al doping in L 1.2 does seem to reduce N g and N nr relative to the L u case. This is not surprising considering that aluminium strongly binds oxygen; consequently, Al-doped samples might be expected to have a lower density of green emitting V O defects than L u . However, both densities rise in L 1.8 as a natural consequence of the higher surface area and associated lattice defects produced as Al-doping decreases nanowire diameter. Nevertheless, Al doping does not dramatically affect the number densities of these traps, and the large difference in I uv /I g between undoped and Al-doped nanowire samples is explained by the dramatically faster k g in L u and faster f r k uv in the Al-doped nanowires facilitated by the high density of new Al donor sites to which excitons may be bound.
Furthermore, the RT UV emission broadens and redshifts at I exc > 1.27 W/cm 2 in L u (Fig. 4) , whereas the redshift is delayed until To understand this behavior, consider that in undoped ZnO, PL at RT is dominated by the LO phonon replicas of free excitons, especially the 1st LO phonon replica [10] . The increase in I exc heats the lattice through the strong Fröhlich interaction between free excitons and phonons, increasing the strength of higher order phonon replicas as well [44] . As a result, in L u the UV emission broadens and its dominant peak shifts to the lower energy side. In contrast, negligible broadening and no UV emission shift are observed in L 1.8 , another indication that its UV emission mechanism differs from L u because of the numerous donor sites produced by Al doping and the associated increase in I 6 DBXs: exciton-phonon coupling for bound excitons (i.e. L 1.8 ) is much weaker than that for free excitons (i.e. L u ) [45] . Again, the behavior observed in L 1.2 is intermediate between L u and L 1.8 . Confirmation comes by analyzing the PL spectra recorded at 12 K for different I exc values (Fig. 4) and comparing the intensities of UV emission from specific DBXs (I 9 for L u , I 6 for L 1.2 and L 1.8 ) with the integrated green emission [ Fig. 5(g) , (h), (i)]. At this low temperature, the UV and green emission intensities increase at the same rate with increasing I exc for all samples L u , L 1.2 , and L 1.8 , indicating that N x « N g , N nr [30] . In stark contrast to L u , this correlation of I uv and I g is preserved at RT in L 1.8 [ Fig. 5(d) , (e), (f)], and the absence of a UV peak shift and negligible broadening together suggest that UV emission remains influenced by DBX emission, specifically I 6 DBX emission from additional donor sites due to Al doping. Although analysis based on equations (3) and (4) could not be performed on the 12 K measurements because the QEs could not be measured, the nearly linear dependence of I i with I exc for all three samples cannot be caused by a change in the rate constants and instead requires that N g and N nr increase over their RT values. This seemingly counterintuitive result simply reflects the fact that both traps have small localization energies, so they are more effective at trapping excitons at 12 K than at RT. In other words, the number densities reported in Table 1 should be respectively understood as the fraction of the total number densities N g and N nr able to trap excitons at RT. Among many temperature-dependent factors, those effective number densities grow with decreasing temperature through a Boltzmann relationship determined by the associated localization energies and kT.
Conclusions
In conclusion, we have investigated Al doped ZnO nanowires by excitation intensity dependent PL at different temperatures. Unlike undoped ZnO nanowires, whose PL spectra is dominated by green emission from deep defects and whose UV emission broadens and redshifts with increasing excitation intensity, Al-doped ZnO nanowires are smaller and have PL spectra dominated by UV emission that neither broadens nor redshifts with increasing excitation intensity. These differences are caused by new donor sites produced by Al doping at which DBXs are localized. The way the UV and green emission bands for undoped and Al-doped ZnO nanowires grow with increasing excitation intensity indicates that Al doping increases the number of I 6 DBX sites and recombination rate associated with UV emission.
